Abstract Small heat shock proteins protect cells from stress presumably by acting as molecular chaperones. Here we report on the functional characterization of a developmentally regulated, heat-inducible member of the Xenopus small heat shock protein family, Hsp30C. An expression vector containing the open reading frame of the Hsp30C gene was expressed in Escherichia coli. These bacterial cells displayed greater thermoresistance than wild type or plasmidcontaining cells. Purified recombinant protein, 30C, was recovered as multimeric complexes which inhibited heatinduced aggregation of either citrate synthase or luciferase as determined by light scattering assays. Additionally, 30C attenuated but did not reverse heat-induced inactivation of enzyme activity. In contrast to an N-terminal deletion mutant, removal of the last 25 amino acids from the C-terminal end of 30C severely impaired its chaperone activity. Furthermore, heat-treated concentrated solutions of the C-terminal mutant formed nonfunctional complexes and precipitated from solution. Immunoblot and gel filtration analysis indicated that 30C binds with and maintains the solubility of luciferase preventing it from forming heat-induced aggregates. Coimmunoprecipitation experiments suggested that the carboxyl region is necessary for 30C to interact with target proteins. These results clearly indicate a molecular chaperone role for Xenopus Hsp30C and provide evidence that its activity requires the carboxyl terminal region.
INTRODUCTION
The class of molecular chaperones known as heat shock proteins (Hsps) have become recognized as a critical component of the intracellular environment (Morimoto et al 1994; Feige et al 1996) . Chaperones including members of the Hsps assist the in vivo folding of proteins from their native state but do not remain to form a part of these proteins after assembly. An important function of Hsps is their ability to interact with and stabilize proteins that are partially unfolded in response to environmental stress and to maintain these proteins in a state that allows them to regain proper structure and function upon the return of favorable cellular conditions. A number of studies have suggested that chaperones such as Hsc70 and Hsp60 are involved in protein folding under normal cellular conditions whereas Hsp70 and small Hsps are synthesized to assist in the protection of cellular proteins during periods of stress (Feige et al 1996) .
While the Hsp70 family is highly conserved in a wide range of organisms, small Hsps are quite divergent except for an amino acid domain that is found in ␣-crystallin (Arrigo and Landry 1994; Waters et al 1996) . Unlike members of the large molecular weight Hsps, small Hsps and ␣-crystallins can form large polymeric structures that are believed to be necessary for function in vivo (Arrigo and Landry 1994; Waters et al 1996) . A number of in vivo functions have been proposed for small Hsps including a role as molecular chaperone as well as an involvement in actin capping/decapping activity, cellular differentiation and modulation of redox parameters (Merck et al 1993; Huot et al 1996; Lee et al 1997; Liang et al 1997; Ehrnsperger et al 1997; Mehlen et al 1997; Muchowski et al 1997; Arrigo 1998; Mehlen et al 1999) . It has been demonstrated in a variety of organisms that the synthesis of small Hsps can confer stress resistance (Arrigo and Landry 1994; Arrigo 1998; Jakob and Buchner 1994; Hartl 1996) .
Developmental regulation of small Hsps has been described in a range of organisms including nematode, Drosophila, brine shrimp, mouse and rat (Stringham et al 1992; Marin et al 1993; Liang and MacRae 1999; Tanguay et al 1993; Mirkes et al 1996) . Our laboratory and others have been involved in the analysis of small Hsp gene expression during early development of the frog, Xenopus laevis. Xenopus contains at least 2 families of small Hsps including the Hsp30s and basic small Hsps (Krone et al 1992; . The most studied of these small Hsps are the Hsp30s, whose members are differentially expressed during development in a heat-inducible fashion. Hsp30A and Hsp30C genes are first inducible after 2 days of embryogenesis at the early tailbud stage while Hsp30D is not stress-inducible until 1 day later at the late tailbud stage (Krone et al 1992; Krone and Heikkila 1988; Krone and Heikkila 1989; Ohan and Heikkila 1995; Heikkila et al 1997) . The differential pattern of Hsp30 gene expression was documented at the level of Hsp30 synthesis (Tam and Heikkila 1995) . Recently, using in situ hybridization and immunolocalization studies we detected Hsp30 message and protein in the cement gland of unstressed tailbud embryos (Lang et al 1999) . Upon heat shock there was a preferential accumulation of Hsp30 message and protein in selected tissues. The function of Hsp30 in the cement gland and in specific tissues of tailbud embryos following heat shock is not known. However, given the fact that the Xenopus Hsp30 protein possesses an ␣-crystallin domain, as determined from the gene sequence (Krone et al 1992) , it is likely that these small Hsps function as molecular chaperones.
While small Hsp gene expression has been documented in a number of organisms (Arrigo and Landry 1994) , relatively few have been examined with respect to small Hsp chaperone activity or the protein domains involved. In an attempt to understand the functional role of Xenopus Hsp30, we produced recombinant Hsp30C (30C) protein and examined its chaperone activity. In this study, we show that expression of Xenopus 30C in bacteria confers resistance against thermal challenge. Purified 30C which was recovered as large multimeric complexes interacted with unfolded protein, maintained it in a soluble form and inhibited its aggregation. Finally, truncation of the carboxyl terminus but not the amino terminus substantially reduced the ability of 30C to act as a molecular chaperone.
EXPERIMENTAL PROCEDURES

Preparation of recombinant protein
All restriction enzymes and primers were obtained from New England Biolabs and Mobix (McMaster University), respectively. The entire open reading frame of the Xenopus Hsp30C gene (Krone et al 1992) was obtained by polymerase chain reaction such that a BamHI restriction site was created at nucleotide 1120, just 5' to the start codon and an EcoRI restriction site at nucleotide 1769, just 3' to the translational stop codon. The resulting 675 bp fragment was gel purified, digested with BamHI/EcoRI and inserted into the corresponding sites of the pRSET expression vector (Invitrogen), containing an N-terminal 6x-histidine tag. Excluding the 6x-histidine residue, the predicted length of the protein was 214 amino acids. The resultant Hsp30C-pRSET construct was transformed into E coli BL21 (DE3) cells and grown at 37ЊC in M9 media overnight (Studier et al 1990) . M9ZB media (Studier et al 1990) was then inoculated with the overnight culture and grown to an OD 600 of 0.6. Hsp30 gene expression was induced by the addition of 0.4 mM isopropyl-B-D-thiogalactopyranoside (IPTG) and allowed to grow for 4-5 hours (Studier et al 1990; Kroll et al 1993) . As such, cells were collected and homogenized in guanidinium lysis buffer (6M guanidine hydrochloride, 20 mM sodium phosphate, 500 mM sodium chloride, pH 7.8). Following sonication and low speed centrifugation to remove cellular debris, bacterial lysates were applied to a nickelcoated ProBond column (Invitrogen) and 30C was purified under denaturing conditions according to the manufacturer's instructions. Eluted protein was dialyzed for 15 hours against protein dialysis buffer (PD buffer: 50 mM Tris-HCl, pH 8.0, 0.1 mM EDTA, 25 mM NaCl) and then concentrated in a Microsep microconcentrator (Pall Filtron). A mutant 30C protein missing the first 17 amino acids from the amino-terminus was produced by PCRdirected mutagenesis creating a PstI site at nucleotide 1176 and an EcoRI site at nucleotide 1769 after the translational stop of the Hsp30C gene. A 30C protein missing the last 25 amino acids from the carboxyl-terminus (C-30C) was made in a similar fashion by creating BamHI and HindIII sites at nucleotides 1120 and 1695, respectively. These PCR-amplified products were digested with the appropriate restriction enzymes, cloned into pRSET vectors, expressed and purified as described above for the full-length 30C protein. All PCR amplified fragments inserted into pRSET vectors were verified by DNA sequencing. The purity of protein preparations was checked using SDS-PAGE and Coomassie blue staining.
Cell survival assays
E coli BL21(DE3) was transformed with pRSETB or p-RSETB containing a genomic DNA fragment encoding the full length Hsp30C protein. Cells were grown overnight at 37ЊC in M9 minimal media and then transferred to M9ZB. After 4-5 hours of growth, cells were induced with 0.4 mM IPTG and incubated overnight at 37ЊC. Overnight cultures were diluted 1:500 into preheated LB media and placed at 60ЊC for 3 hours. Aliquots from cultures were collected at selected time intervals and plated onto LB agar. Colony forming units, indicative of the number of cells that survived the heat treatment, were determined after incubation overnight at 37ЊC.
Polyclonal antibody production
Recombinant 30C protein was produced in bacterial cells and purified as described above. Following a pre-immune bleed, a female New Zealand white rabbit was immunized with a subcutaneous injection of 30C mixed in Freunds complete adjuvent (Sigma, Sigma, St. Louis, MO, USA). Subsequent booster injections were given at regular intervals. Blood was collected from the marginal ear vein, allowed to clot and centrifuged at 10 000 ϫ g to isolate the serum fraction. A 1.5 mL nickel affinity column containing bound 30C (via the N-terminal 6 histidine residues) was used for affinity purification of anti-30C antibody from the rabbit anti-sera (Gu et al 1994) . Bound antibody was eluted from the column and concentrated using a microconcentrator as described above. Antibody titre was tested against immunoblots of extract obtained from control and heat shock Xenopus A6 kidney epithelial cultured cells (Tam and Heikkila 1995; as well as recombinant 30C protein.
Polyacrylamide gel electrophoresis and immunodetection
SDS-PAGE was performed in either 10% or 12% acrylamide gels using the BioRad Mini Protean II system. Proteins were transferred to PVDF membranes (Millipore) using a BioRad Mini Trans-Blot Transfer system. Immunodetection was carried out using an affinity purified polyclonal anti-30C antibody. Blots were incubated with horse-radish peroxidase conjugated secondary IgG (Roche), and detected using an ECL chemiluminescence kit (Amersham) as described by the manufacturer.
Size exclusion chromatography
Size estimation of the 30C complex and luciferase was accomplished by size exclusion chromatography. Approximately 5 mg of 30C protein or luciferase (Promega) was loaded onto a 35 ϫ 1.6 cm size exclusion column containing Sepharose CL4B beads (Pharmacia). The column was calibrated according to instructions provided by the manufacturer using molecular weight standards: thyroglobin (669 kDa), ferritin (440 kDa), aldolase (158 kDa), and blue dextran to determine the void volume. Chromatography was performed at room temperature in PD buffer and the absorbances at 280 nm of collected fractions were measured in a Beckman DU-7 spectrophotometer. To determine the presence of 30C protein, selected eluant fractions were separated by 12% SDS-PAGE, immunoblotted and detected using the anti-30C antibody.
Thermal aggregation assays
Aggregation assays were conducted essentially as described by Buchner et al (1998) . Either citrate synthase or luciferase at 150 nM monomer concentration was mixed with various molar amounts of 30C protein or incubated alone in a 50 mM HEPES-KOH buffer, pH 7.5, and heated at 42ЊC. Light scattering was determined at regular intervals in a Beckman DU7 spectrophotometer at 320 nm. An increase in absorbance was indicative of protein aggregation.
Thermal inactivation experiments
CS at a concentration of 150 nM was incubated in the presence or absence of either 150 or 750 nM 30C at 42ЊC for 25 minutes and then placed at 22ЊC. CS activity was measured based on the condensation of oxaloacetic acid and acetyl-CoA to citrate and coenzyme A (Buchner et al 1991) .
Luciferase solubility assay
Luciferase (150 nM) was incubated alone or with 750 nM of either 30C, N-30C or C-30C in 50 mM HEPES-KOH buffer, pH 7.5, and incubated at 42ЊC for 30 minutes or kept at 22ЊC. An aliquot was removed and designated as the total fraction. Samples were then centrifuged at 10 000 ϫ g and an aliquot from the supernatant fraction was collected. A pellet fraction was collected after dissolving the pellet in 1X SDS-PAGE sample buffer (BioRad). An equal volume of each sample was subjected to SDS-PAGE on a 10% acrylamide gel and immunoblotted as described above using a polyclonal anti-luciferase primary antibody (Cortex).
Immunoprecipitation analysis
Luciferase at a concentration of 150 nM was incubated with 750 nM of 30C, N-30C or C-30C in 50 mM HEPES-KOH, pH 7.5, buffer at 22ЊC or at 42ЊC for 30 minutes. Samples were initially pre-incubated with protein A-Sepharose (Sigma) in IP buffer (1.0 M NaCl, 10 mM TrisHCl pH 8.0, 1% Triton X-100, 0.5% deoxycholic acid, 0.1% SDS) containing 100 g/mL ovalbumin. Anti-30C anti- Protein was analyzed by SDS-PAGE and visualized by Coommassie blue staining. Total bacterial lysates containing 30C were passed over a nickel affinity column and 30C was purified from residual bacterial contaminants as described in Experimental Procedures. Five g of purified 30C was loaded onto the gel. The asteriks indicate the location of 30C. Molecular mass markers in kDa are indicated on the left side of the figure. Fig. 2 . Production of polyclonal anti-30C antibody. Recombinant 30C was injected into rabbits to produce a polyclonal anti-30C antibody. The antibody was affinity purified from crude sera using a nickel affinity column and tested for specificity by immunoblot analysis with protein from control (22ЊC; lane 1, 15 g) and heat shocked (33ЊC for 2 hours; lane 2, 5 g; lane 3, 15 g) Xenopus A6 tissue culture cells. Molecular mass markers in kDa are indicated on the left side of the figure.
body was added to the supernatant and mixed at 4ЊC for 1 hour. Protein A-Sepharose pellets from each mixture were washed 3 times for 10 minutes each in IP buffer, and twice for 15 minutes in HIP buffer (50 mM Tris-HCl, pH 6.8, 300 mM NaCl, 1% Triton X-100). Pellets were boiled in 1X SDS-PAGE sample buffer and then subjected to SDS-PAGE on 10% acrylamide. Recombinant luciferase was included as a control. Immunodetection was carried out with a polyclonal anti-luciferase antibody. Blots were stripped and re-probed with the anti-30C antibody.
RESULTS
Production of recombinant Hsp30C protein and polyclonal antibody
Examination of the chaperone activity of Xenopus Hsp30C required the preparation of recombinant Hsp30C protein and an anti-Hsp30 antibody. To accomplish this, the complete open reading frame of the Xenopus Hsp30C gene was amplified by PCR and inserted into the pRSETB expression vector. Following transformation into E coli strain BL21(DE3) and induction with IPTG, recombinant Hsp30C (30C) was detected in the bacterial lysate after 4 hours (Fig 1) . After washing and eluting the lysate through a nickel affinity column, 30C was recovered in a purified form (Fig 1, 30C purified lane) and was used in the production of a polyclonal anti-30C antibody. Rabbit serum containing the anti-30C antibody was affinity purified and tested against protein extracts of control and heat shocked Xenopus A6 kidney epithelial cells (Fig 2) . The purified antibody reacted with Hsp30 protein as well as recombinant 30C in a specific manner and did not cross-react with any other endogenous A6 cell proteins. Preimmune serum did not recognize Xenopus Hsp30 or any other protein in Xenopus tissues or bacterial extract (data not shown).
Hsp30C protects bacterial cells from thermal stress
As an initial step in the analysis of Hsp30 chaperone function, the thermoresistance of E coli cells which overexpressed 30C was examined. As shown in Figure 3 , E coli BL21 cells or those containing the vector pRSETB were unable to withstand a severe thermal stress of 60ЊC over a 3 hour period. These cells died quickly with less than 3-4% surviving after only 45 minutes. In contrast, 45% of E coli BL21 cells overexpressing 30C survived at this time point. After 2-3 hours of thermal stress approx- imately 20% of E coli cells overexpressing 30C were still viable.
Recombinant Hsp30C forms large multimeric complexes
Size exclusion chromatography on a Sepharose CL-4B column and immunoblot analysis were used to estimate the size of 30C complexes (Fig 4) . Recombinant Hsp30C formed large multimeric complexes ranging in size from 130 kDa to more than 669 kDa with a major peak at an estimated size of 800-900 kDa and a possible secondary peak at 160 kDa as indicated by the shape of the curve in this region (Fig 4A; compare fractions 46-52) and the corresponding immunoblot analysis (Fig 4B; compare fractions 45 to 52). While fractions 60-63 showed the presence of UV absorbing material we did not detect any cross-reactivity with the anti-30C antibody which may indicate the presence of residual bacterial proteins. Although data are shown for only the heat-treated sample both heat-treated and non-heat-treated 30C had identical elution profiles indicating that the oligomeric form of 30C remained unchanged upon incubation at elevated temperatures. These results are similar to studies examining recombinant murine Hsp25 (Ehrnsperger et al 1997; Behlke et al 1991) as well as a 16 kDa small Hsp from Myocbacterium tuberculosis (Chang et al 1996) and demonstrate that small Hsps are not themselves heat sensitive and as such, do not aggregate further upon heating.
30C inhibits heat-induced citrate synthase aggregation
To assess the ability of 30C to function as a molecular chaperone, we utilized a citrate synthase (CS) in vitro aggregation assay. Heat-induced aggregation of CS, as determined by the amount of light scattering at 320 nm, developed rapidly and irreversibly with approximately 90% aggregation occurring after 30 minutes at 42ЊC (Fig  5) . Incubation with an equimolar amount of 30C resulted in only 30% CS aggregation in the same amount of time.
A 2:1 molar ratio of 30C:CS almost completely inhibited CS aggregation. Further increases in the molar ratio of 30C: CS had similar effects as the 2:1 (30C:CS) ratio. When a solution of CS was treated at 42ЊC for 10 minutes followed by the addition of 30C, a further increase in aggregation was prevented while pre-existing CS complexes remained irreversibly aggregated (data not shown). Finally, the chaperone activity of 30C was not affected by the addition of ATP (data not shown). In contrast to 30C, incubation of bovine serum albumin (BSA) or immunoglobin G (IgG) with CS at molar ratios of 5:1 did not inhibit aggregation.
To assess the ability of 30C to prevent thermal inactivation of CS enzyme activity, CS was incubated at 42ЊC in either the presence or absence of 30C (Fig 6) . After 5 minutes of heat treatment, approximately 25% of total CS activity remained. In comparison, when 30C was incubated with CS at a 1:1 molar ratio, 38% of total CS enzyme activity remained after 5 minutes. While CS enzyme activity did not increase in the presence of 30C, approximately 15-20% of CS activity was retained after 25 minutes at 42ЊC as well as during an additional recovery period at 22ЊC. Further increases in the molar ratio of 30C:CS did not alter these results. These data demonstrate that 30C had a minimal effect on preventing CS enzyme inactivation and were unable to reactivate denatured CS.
The carboxyl end of 30C is required for chaperone activity and 30C stability
In an initial approach to identify regions of 30C that are involved in chaperone activity, PCR targeted mutagenesis was used to create short terminal deletions. The N-terminal mutant, N-30C, in which the first 17 amino acids were deleted and the C-terminal mutant, C-30C, in which the last 25 amino acids were removed had apparent molecular masses of 29 kDa and 26 kDa, respectively, as determined by SDS-PAGE (Fig 7) . These deletions were determined to be outside of the region containing the small hsp ␣-crystallin domain as defined by Wistow (1985) and De Jong (1988) . The identity and size of both N-and C-terminal mutants was verified by immunoblot analysis using the anti-30C antibody (data not shown). In most experiments, the 6 histidine tag, added at the carboxyl terminus from the pRSET vector, was not removed from these recombinant proteins and for purposes of simplicity were not included in the calculation of their total amino acid number. Furthermore, removal of the histidine tag had no effect on the chaperone activity of the different mutants as outlined below. In in vitro aggregation assays, a N-30C prevented thermal aggregation of CS as effectively as full length 30C (Fig 8) . Both of these recombinant proteins inhibited heat-induced aggregation of CS by 90% after 60 minutes. However, deletion of amino acids from the carboxyl end resulted in a substantial loss of chaperone activity since C-30C suppressed heat-induced CS aggregation by only 40% after 60 minutes. As Fig. 7 . Production of 30C terminal deletion mutants. Recombinant 30C mutants missing either the first 17 amino acids (N-30C) or the last 25 amino acids (C-30C) were expressed and purified as for 30C and described in Experimental Procedures. The 30C, N-30C and C-30C proteins were separated using SDS-PAGE and stained with Commassie blue. Molecular mass markers in kDa are indicated on the vertical axis. mentioned previously, removal of the histidine tag had no effect on the chaperone activity of the full length or mutant Hsp30C proteins (data not shown). These experiments indicate that the carboxyl region of Hsp30C is required for the inhibition of heat-induced aggregation of CS.
Analysis of the effect of heat on the multimerization of the C-30C terminal deletion mutant by size exclusion chromatography was not possible because heating of highly concentrated amounts of C-30C resulted in precipitation from solution. This was in contrast to both 30C and N-30C in which heat had no effect on oligomeric size of either of these recombinant proteins. This prompted an examination of the ability of 30C proteins to self-aggregate. When low concentrations (0.8 mol) of recombinant protein identical to those used in CS aggregation assays were heated, no increase in the amount of light scattering was observed in the full length or mutant 30C proteins (Fig 9) . However, at a concentration of 300 mol, C-30C aggregated to levels almost 10-fold higher than 30C and N-30C. These results suggest that the carboxyl region is necessary for 30C to remain soluble.
30C inhibits aggregation and maintains the solubility of heat-treated luciferase
The ability of 30C, N-30C and C-30C to inhibit heat-induced aggregation of other target proteins such as luciferase (LUC) was also investigated (Fig 10A) . LUC was highly sensitive to heat since almost all of this enzyme aggregated within 10 minutes of heating at 42ЊC. At molar ratios of 5: 1 both 30C and N-30C effectively inhibited the aggregation of LUC after 60 minutes by 93% and 76%, respectively. However C-30C was not effective in inhibiting CS aggregation. Similar results were observed with the enzyme aldolase and malate dehydrogenase (data not shown). These results suggest that 30C was not selective in its ability to prevent aggregation of proteins that unfold during heat stress.
The availability of an anti-LUC antibody permitted immunoblot analysis of the effect of 30C on heat-induced aggregation of LUC. As shown in Figure 10B , LUC kept at 22ЊC remained in the supernatant with a smaller amount in the pellet fraction. Upon heating at 42ЊC, LUC became insoluble and was detectable only in the pellet fraction. The presence of either 30C or N-30C at a 5:1 ratio Fig. 9 . The carboxyl region of 30C is required for solubility. The extent of heat-induced aggregation of 30C, N-30C and C-30C at 42ЊC was examined using light scattering assays as detailed in Experimental Procedures. ⅷ, 0.8 M 30C; ⅜ 300 M 30C; Ⅲ, 0.8 M of N-30C; □, 300 M of N-30C; ᭡, 0.8 M of C-30C; ᭝ 300 M of C-30C. Fig. 11 . 30C binds to LUC during heat treatment. (A) LUC was heated at 42ЊC with 30C in a 5:1 (30C:LUC) molar ratio as described in Experimental Procedures. Size exclusion chromatography was used to characterize the formation of 30C and LUC into large oligomeric complexes. V o indicates the position of the void volume as determined by blue dextran. ⅜: non-heat-treated 30C, □: non-heattreated luciferase, ᭡: heat-treated 30C and LUC. (B) 30C is present in each eluant fraction containing LUC. An equal amount from selected eluant fractions obtained from size exclusion chromatography of heat-treated 30C and LUC as indicated above was immunoblotted using an anti-LUC or an anti-30C antibody as described in Experimental Procedures. resulted in most of the heat-treated LUC remaining in the supernatant fraction. When LUC was heated with C-30C, most of the LUC was insoluble and located in the pellet fraction. Thus, 30C maintains the solubility of luciferase during heat treatment.
The data obtained from the aggregation experiments suggested that a stable complex was formed between 30C and LUC. To verify such an interaction, size exclusion chromatography and immunoblot analysis was performed. Figure 11A demonstrates the position of nonheat-treated LUC and 30C (verified by immunoblotting) when applied separately onto the column. Incubation of 30C at 42ЊC in the presence of LUC at a 5:1 molar ratio, previously shown to prevent heat-induced aggregation of LUC (Fig 10A) , resulted in the formation of a single peak that eluted in the void volume. Sequential detection with an anti-LUC antibody and an anti-30C antibody demonstrated the presence of LUC in each fraction containing 30C (Fig 11B) . Additionally, interaction of 30C, N-30C, and C-30C with LUC was assessed in coimmunoprecipitation experiments using the anti-30C antibody (Fig 12) . These studies revealed that LUC (top panel) coprecipitated with 30C (bottom panel) when incubated together at 42ЊC but not when incubated at 22ЊC. Similar results were observed when LUC was incubated with N-30C. Therefore results from both the chromatography experiments and the coimmunoprecipitation experiments indicated that 30C and N-30C recognized and bound unfolded proteins. When LUC was incubated with C-30C, a very small amount of LUC coprecipitated with C-30C. These results suggest that C-30C was impaired in its ability to recognize and bind heat-treated LUC.
DISCUSSION
In this study, we examined the molecular chaperone properties of the Xenopus small Hsp family member, Hsp30C. The coding region of the Xenopus Hsp30C gene was cloned into a plasmid vector and overexpressed in bacteria. Interestingly, bacteria which expressed the recombinant protein 30C were more thermoresistant to a severe thermal challenge of 60ЊC than either nontransformed bacteria or those containing only the plasmid vector. The acquisition of cellular thermotolerance in bacteria by expression of eukaryotic small Hsp genes has been documented with Artemia salina p26 (Liang and MacRae 1999) and human ␣B crystallin (Muchowski and Clark 1998) . All of these studies are in parallel with the ability of small Hsp transgenes such as Hsp27 and ␣-crystallin to protect eukaryotic cells from environmental stress (Arrigo and Landry 1994; Arrigo 1998; Jakob and Buchner 1994) .
The protection of bacterial cells from thermal stress by 30C suggested that it may act as a molecular chaperone. In order to gain more insight into the physical properties and function of 30C, this protein was purified and used in chaperone assays. Purified 30C, which was obtained as large complexes ranging in size from 130 kDa to approximately 800-900 kDa as determined by size exclusion chromatography, was resolved as 30 kDa protein by means of SDS-PAGE and immunoblot analysis. Comparable results with respect to multimerization have been reported with recombinant human ␣B-crystallin in which gel filtration and laser light scattering analysis in conjunction with 3 dimensional variance mapping showed the presence of a range of molecular masses (Haley et al 1998) . Their results suggested that subunits of ␣B-crystallin do not oligomerize in a specific manner and as such, do not have a defined quartenary structure. Given the size range of multimeric complexes that were found with 30C, it is possible that this Xenopus small Hsp behaves in a similar fashion in vitro. However, a different situation may exist in vivo since Xenopus Hsp30 aggregates are composed of a number of different isoforms in addition to Hsp30C and possibly other proteins such as Hsp70 which may affect complex formation . Additionally, while our results indicated that both heatand non-heat-treated 30C are similar in size, we cannot rule out the possibility of differences in secondary or tertiary structure in these 2 samples.
Xenopus 30C displayed a number of properties characteristic of a small Hsp molecular chaperone including the ability to inhibit heat-induced aggregation of CS and LUC in an ATP-independent manner. Furthermore using luciferase and an anti-luciferase antibody in gel filtration and coimmunoprecipitation assays, it was found that 30C interacted with heat-treated LUC forming 30C-LUC complexes which remained soluble at elevated temperatures. Thus, Xenopus 30C appears to function as a molecular chaperone by binding to unfolded proteins and maintaining them in a soluble form. This property has been reported for mouse Hsp25 and bovine ␣A-crystallin (Ehrnsperger et al 1997; Smulders et al 1996) . While 30C inhibited heat-induced enzyme aggregation, it was not very efficient in preventing heat-induced inactivation of CS enzyme activity, even when high concentrations of 30C were used. Only 15% to 20% of CS enzyme activity remained after incubation with 30C at 42ЊC. The inability of small Hsps to effectively protect CS from heat inactivation has been found with small Hsps from pea and mouse (Ehrnsperger et al 1997; Lee et al 1995) .
As an initial approach to determining the protein domains responsible for the molecular chaperone activity of 30C, we created 2 truncated versions of this protein. The mutant, N-30C, lacked the first 17 amino acids while the other mutant, C-30C had the last 25 amino acids omitted.
Both of these mutants retained the ␣-crystallin domain, a region that is highly conserved among shsps of different species (Arrigo and Landry 1994) . N-30C was fully functional since it behaved almost identically to 30C in the inhibition of heat-induced aggregation of both CS and LUC as well as maintaining LUC solubility throughout the duration of heat treatment. In contrast, truncation of the C-terminus was detrimental to the function of 30C as a molecular chaperone since it was inefficient at inhibiting enzyme aggregation and maintaining solubility. Comparable results were reported with mammalian ␣A crystallin in which removal of approximately 10-17 amino acids from the carboxyl end resulted in a substantial loss of chaperone-like activity (Takemoto et al 1993; Andley et al 1996) . In contrast, recent studies with nematode small Hsp revealed that elimination of the last 16 amino acids of the C-terminus had no effect on chaperone activity whereas deletions in the N-terminus suppressed chaperone activity (Leroux et al 1997) . Thus, Xenopus 30C appears to function more like mammalian ␣A-crystallin than nematode small Hsps. The reason for this difference is unclear at present and may suggest differences in small Hsps across species. It is also possible that there are differences in the chaperone properties of small Hsps within species. In Xenopus there exists at least 2 different families of small Hsps including the Hsp30 family, and the recently described basic small Hsps (Krone et al 1992; Heikkila et al 1997) . The C-terminal end of small Hsps appears to be important for chaperone function in vivo since the enhanced stress resistance of COS cells transfected with Drosophila Hsp27 was lost when 42 amino acids were removed from the C-terminal end of Hsp27 (Mehlen et al 1993) . Future studies will determine whether there are functional differences in the protein domains of these Xenopus small Hsp families in vivo.
Another interesting property of C-30C which was not shared by 30C or N-30C was its precipitation from solution at high concentrations (Ն300 M) and elevated temperatures. This finding parallels the behaviour of nematode Hsp16-2 in which truncation of the C-terminus resulted in an unstable protein that precipitates from solution after freezing and thawing (Leroux et al 1997) . Similarly, removal of 17 amino acids from the C-terminal end of human ␣A-crystallin results in reduced solubility (Andley et al 1996) . The present study supports the contention first reported with ␣-crystallin and later with mouse and nematode small Hsp that the solubility of this class of proteins resides in the C-terminal end (Leroux et al 1997; Smulders et al 1996; Carver et al 1992; Carver et al 1995) . In these latter studies, it was determined that the carboxyl end consisted of mostly polar residues. Furthermore, the insertion of a highly hydrophobic residue into the carboxyl end of bovine ␣A crystallin reduced chaperone-like activity (Smulders et al 1996) . An examination of the Xenopus Hsp30 carboxyl end (Krone et al 1992) revealed that the last 25 residues contain 16 polar amino acids with 11 of these polar residues occurring in the last 13 amino acids. Thus, Xenopus Hsp30 contains a set of polar amino acids at the carboxyl end which is likely involved in maintaining its own solubility and that of the target protein. Removal of 25 aa from the C-terminus of 30C may lead to further structural alterations that prevent 30C from interacting with client proteins. Additionally, these 25 aa may be necessary for the interaction of 30C with target cellular proteins.
In conclusion this study has shown that Xenopus small Hsp, Hsp30C, can act as a molecular chaperone and prevent heat-induced CS and LUC aggregation by binding to these target proteins and maintaining them in solution. Furthermore, the C-terminal residues appear to be involved in this phenomenon. Our study supports a model in which small Hsps sequester unfolded proteins and maintain them in a soluble state (Ehrnsperger et al 1997; Smulders et al 1996; Carver et al 1995) . Other studies have suggested that since small Hsps have minimal refolding ability, other chaperones such as Hsp40, Hsp70 and others are involved in this process (Beissinger and Buchner 1998) .
